Multi-quasiparticle high-K states, several of which are isomeric, were observed in 180 Hf with the Gammasphere array. Lifetimes in the ns -µs range were determined using centroid-shift and decay measurements within a µs coincidence time window. The configurations of high-K states involve two and four quasiparticles, with states up to K π =(18 − ) established. High-K excitations are found to be progressively more favored with increasing excitation energy. The K quantum number is quite robust up to the highest spins observed, as evidenced by the large values of the reduced hindrance for isomeric decays. Rotational bands built on three high-K states are identified, and the measured branching ratios in these sequences enable the assignment of underlying configurations. Multiquasiparticle calculations using the Lipkin-Nogami approach for pairing, with blocking included, reproduce the observed high-K energies quite well.
I. INTRODUCTION
Deformed, mid-shell nuclei in the A≈180 region are characterized by both protons and neutrons occupying high-Ω orbitals located near the Fermi surface. A natural consequence is the presence of intrinsic high-K states which can favorably compete for yrast status with collective excitations. The observation of intrinsic states, especially K isomers, and the associated rotational bands can provide insight into the relative positions of the underlying single-particle orbitals for which there is limited information in neutron-rich territory. While K isomers at high spin have been identified in many nuclei in this region; e.g. [1] [2] [3] [4] [5] [6] , isotopes of Hf are particularly well suited for such studies since they are considered to be some of the best examples of rigid, axially-symmetric, prolate rotors. As a result, K is a relatively "good" quantum number in these systems. This work is focused on 180 Hf, the heaviest stable Hf isotope.
There are several experimental challenges in K-isomer measurements. Quite often, there is more than one decay branch from a given long-lived state. For a complete understanding, it is crucial to identify all the decay branches from an isomer. A precise determination of half-lives, which may range from > 1 ns to years, is essential as well. Further, there may be situations involving multiple isomers, feeding into one another. In such cases, it is imperative to appropriately deconvolute the decay curves from the deexcitation of the various long-lived levels. Typically, measurements in several time regimes may be required to study different K isomers in the same nucleus. For long-lived (T 1/2 ≫1 µs) ones, identification of γ rays feeding and deexciting the isomer is necessary. Unambiguous assignment of distinct rotational sequences to specific isomeric states is required. Realizing all the above conditions in a single experiment is typically quite challenging and sometimes not feasible. As a result, multiple measurements, each focused on a specific aspect, may be required.
There are several previous measurements of excited states in 180 Hf. The low-lying K π =8
− isomer, with a 5.5 h half-life, was first identified more than sixty years ago at Argonne National Laboratory [7] . About fifty years later, several other high-spin isomers were reported [8] . The present work, also performed at the same laboratory, extends the number of K isomers established in 180 Hf to five. A few other high-K states were identified as well. Half-lives, or limits thereof, were newly determined for three states; these could not be determined for other levels. In the earlier work [8] , experimental parameters had been optimized for isomers with T 1/2 ≫1 µs, whereas the present study is focused on sub-microsecond ones.
II. EXPERIMENT AND DATA ANALYSIS
Excited states in 180 Hf were studied through deep-inelastic reactions, with a 1.4-GeV 207 Pb beam from the ATLAS accelerator at Argonne National Laboratory, incident on an isotopically-enriched, 250 mg/cm 2 180 Hf target. The beam energy was chosen to be ≈8%
above the Coulomb barrier. The Gammasphere array [9, 10] , comprising of 100 Comptonsuppressed Ge detectors, was used to record coincidence events in two time regimes. Prompt events were recorded with the beam hitting the target, with the natural 82.5 ns pulsing from ATLAS. So-called pulsed events were measured with a cycle where the beam was on target for 1 ns, followed by a 825-ns off period. These data complement earlier out-of-beam studies focused on long-lived (T 1/2 ≫ 1 µs) isomers [8] , and the prompt spectroscopy of 180 Hf [11, 12] using Gammasphere in conjunction with the auxiliary heavy-ion counter CHICO [13] .
III. RESULTS
High-K states with excitation energies ranging from E x ≈1.1 to 3.6 MeV, and spins from The K π = 10 + state had previously been assigned a half-life of 15(5) µs [8] . In the present work, it is possible to observe prompt coincidence relationships across this state (Fig. 1); i.e., between the 479, 772, and 1040-keV transitions deexciting this level and the ones feeding it. No appreciable shift in the centroid of the time spectra for transitions deexciting this state is visible, indicating that its half-life is short (<1-2 ns). The 15-µs half-life previously assigned can, most likely, be attributed to the long-lived feeding from higher-lying K isomers with T 1/2 ≫ 1 µs. The rotational band built on the K π =10 + state at 2424 keV is newly identified, with 267-, 288-, 308-, 326-and 344-keV, ∆I=1 transitions and 555-, 596-, 634-and 670-keV, ∆I=2 cross-over ones (Fig. 5 ).
The K π = 11 − structure is also newly observed and decays to levels in the
through the 1118-and 1386-keV transitions. Only five γ rays, with energies 314, 335, 357, 649 and 692 keV could be identified in this sequence (Fig. 5 ).
The K π = 12 + state at E x =2484 keV is observed to deexcite to levels in the K π = 8 − band through four transitions with multipolarities ranging from E1, and M2 to E3. The half-life of the 12 + state was previously reported to be 10(1) µs [8] . This value had been obtained through a two-component fit to the time spectra for transitions deexciting this state. These spectra were obtained in singles mode and were timed with respect to a beam-off trigger.
Thus, feeding from multiple higher-lying isomers with longer half-lives could possibly lead to an erroneous assignment of the half-life of the state. In the present work, coincidence events between transitions directly feeding and deexciting the 12 + level have been observed, similar to the case of the K π = 4 − state. The half-life of the K π = 12 + state is determined to be T 1/2 = 0.94(11) µs (Fig. 6 ).
The state at E x =2535 keV had previously been assigned spin-parity 14 + and T 1/2 ≫10
µs. The relative intensities of the 137-and 184-keV transitions and of the 270-keV γ ray which feed into the 12 + level at 2484 keV, and the one at 2535 keV, respectively, in spectra gated on transitions below and above the K π =12 + and K π =14 + levels are found to be quite similar ( Fig. 7 ). This implies that the half-life of the 2535-keV level is considerably shorter than that of the K π =12 + state at 2484 keV; i.e., T 1/2 ≪ 1 µs for the 2535-keV level.
Direct determination of the half-life of the 2535-keV level state through the observation of a time difference (as described earlier) is not possible from the present data due to the low energy (52 keV), and consequent reduced detection efficiency, of the transition deexciting this level. The spin-parity of the 2535-keV level had been assigned as 14 + in the previous work [8] , based on the argument that the resulting K hindrance would explain the long half-life. However, on account of the shorter half-life, an I π =(13 + ) assignment, which had been excluded previously, is possible and appears more likely. The state at 2805 keV is assigned K π =14 + , based on the relative intensity of the observed decays from this state, and branching ratios in the newly identified rotational band built on it (see discussion below).
The rotational sequence built on the K π =14 + state consists of ∆I=1 transitions with energy 293, 317, 344, 367 and 393 keV, and ∆I=2 cross-over ones with energy 610, 661, 711 and 760 keV (Fig. 5 ).
The presence of a long-lived isomer with a spin-parity K π =(18 − ) observed in the previous work [8] is confirmed in the present data. A half-life T 1/2 >1 µs is indicated, not inconsistent with the value 90(10) µs reported earlier [8] .
IV. DISCUSSION
The rigid prolate shape characteristic of 180 Hf, combined with the presence of several nucleons occupying high-Ω orbitals near the Fermi surface, favors high-K excitations. These are near-yrast when considering the two-and four-quasiparticle excitations up to angular momentum I=12 . Above 14 , however, the yrast line is dominated by high-K excitations which become energetically favored compared to collective rotation as illustrated in Fig. 8; e.g., the K π =(18 − ) state is more than 1 MeV lower in excitation than the corresponding 18 + collective rotational level. A similar feature is present in several neighboring nuclei as well.
For high-K states, the reduced hindrance is defined as
is the partial γ-ray half-life, T W 1/2 is the corresponding Weisskopf estimate, and ν = ∆K−λ is the degree of K-forbiddenness of the transition with λ being the transition multipolarity. [17] . The latter is lowest in energy in 176 Hf, with the longest half-life, T 1/2 =9.6(2) µs; e.g., Ref. [18] . The decrease in reduced hindrance for both proton-rich and neutron-rich isotopes (Fig. 9 ) may be attributed to increased mixing as the K π =6 + states move away from the yrast line. A detailed discussion of this aspect may be found in a recent review [19] .
Configuration assignments proposed for high-K states are based on the g factors inferred from branching ratios of ∆I=1 and ∆I=2 transitions measured in rotational bands built on these states and on comparisons with values expected for different possible configurations involving nucleons near the proton and neutron Fermi levels.
The quadrupole admixture (q) is written in terms of the magnitude of the in-band quadrupole/dipole mixing ratio (δ) as:
where the subscripts 1,2 refer to ∆I=1,2 transitions, respectively, and E 1,2 are the transition energies with T 1,2 being the corresponding intensities and I the spin of the initial level.
The mixing ratio (δ) can be used to estimate the intrinsic g factor (g K ) characteristic of a given high-K band.
The relation between the g K and g R intrinsic and rotational g factors, and mixing ratio δ, is given by:
where, Q 0 (in eb) is the intrinsic quadrupole moment. Typical values for nuclei in the A∼180 region are g R ≈0.28 and Q 0 ≈7 eb. The g K value for an orbital with the asymptotic
Nilsson quantum numbers Ω π [Nn z Λ] is estimated from the relation:
where Λ and Σ are the projections of the nucleon orbital and spin angular momenta, respectively, with Ω = Λ ± Σ. A typical spin quenching factor of 0.6 is used [20] . (Fig. 12) , where the K π =8 + rotational sequences clearly cross the ground-state band and become yrast at high spins. The absence of t-bands in Hf isotopes could possibly be related to the rigidity of the prolate deformation with respect to the γ degree of freedom, which likely precludes an alignment along an axis intermediate between the symmetry and collective rotation ones.
The properties of high-K states in 180 Hf have been computed using multi-quasiparticle calculations, as described in Refs. [17, 27] . Specifically, single-particle energies were determined using the Nilsson potential with parameters κ and µ adopted from Ref. [28] , and equilibrium deformations, ǫ 2 and ǫ 4 from Ref. [29] . The states close to the proton and neutron Fermi surfaces were adjusted to reproduce approximately the experimental one-quasiparticle energies in the neighboring 181 Hf (for neutrons) and 181 Ta (for protons) odd-mass nuclei. The energies of multi-quasiparticle states were then calculated self-consistently by taking into account pairing using the Lipkin-Nogami prescription, with blocking and particle number conservation included [30] . Fixed pairing strengths of G ν =18/A and G π =23.4/A were used, which, on average, reproduce the pairing gaps in the region [31] . The calculated energies were subsequently corrected for the effect of orbital-dependent residual nucleon-nucleon interactions with the approach outlined in Ref. [32] with updated Gallagher-Moszkowski splitting energies taken from Ref. [33] .
A detailed comparison between experimental and calculated multi-quasiparticle states in
180 Hf is given in Values from Ref [19] are adopted for the K π =8 − isomer. Theoretical conversion coefficients (Ref [34] ) are used where experimental data are not available. (14 ) 2805 
